Analyses of whole-genome sequences and experimental data sets have revealed a large number of DNA sequence motifs that are conserved in many species and may be functional. However, methods of sufficient scale to explore the roles of these elements are lacking. We describe the use of protein arrays to identify proteins that bind to DNA sequences of interest. A microarray of 282 known and potential yeast transcription factors was produced and probed with oligonucleotides of evolutionarily conserved sequences that are potentially functional. Transcription factors that bound to specific DNA sequences were identified. One previously uncharacterized DNA-binding protein, Yjl103, was characterized in detail. We defined the binding site for this protein and identified a number of its target genes, many of which are involved in stress response and oxidative phosphorylation. Protein microarrays offer a high-throughput method for determining DNA-protein interactions.
A fundamental problem in biology is to identify cis-regulatory DNA sequence elements and the proteins that bind to them. Such information is necessary for uncovering gene regulatory networks that control cellular and developmental processes. Genome-wide approaches have revealed many DNA sequence elements that may regulate gene expression: comparison of genome sequences of related organisms has identified thousands of evolutionarily conserved DNA sequence motifs (1-3); comparison of the sequences adjacent to coregulated sets of genes of an organism often reveals shared sequence motifs (4-7). Verifying functionality of these sequences and identifying the proteins that bind to them remains a significant challenge.
Several methods have recently been developed to map globally the DNA-binding sites of transcription factors. The SELEX method enables in vitro selection of the optimal binding site of a transcription factor (8) , although applying it genome-wide may be difficult. In the chromatin immunoprecipitation ''(ChIP)-chip'' method, chromatin bound by a transcription factor of interest is immunoprecipitated, and the associated DNA is identified by using it to probe a genomic DNA microarray, thereby identifying the targets of the transcription factor (9, 10) . Two related methods are direct probing of a DNA microarray with a DNA-binding protein and capture of genomic DNA in vitro with a DNA-binding protein, followed by its identification by probing a DNA microarray (''DIP chip'') (11, 12) . Although these methods have achieved considerable success, their resolution is comparatively low because they identify relatively large segments of DNA bound by a protein. Pinpointing the binding site within these segments requires inference (usually by computational analysis). Indeed, the DNA sequences recognized by over half of the predicted DNA-binding proteins in yeast remain to be identified.
Although these methods promise comprehensive identification of the targets of a known transcription factor, they are not able to do the converse: identify the binding protein that recognizes a sequence motif of interest. Thus, these approaches are unable to take advantage of the thousands of conserved functional DNA sequence elements that have been predicted from a variety of studies and whose DNA-binding proteins are unknown (2, 4, 5, 7, 13, 14) . One method that potentially offers this capability is the one hybrid method for identifying proteins that bind to a particular sequence in vivo (15) , but its application on the whole-genome scale may be difficult.
To fill this void, we have developed a high-throughput method for identifying sequences recognized by DNA-binding proteins that uses an array of transcription factors. Oligonucleotides containing evolutionarily conserved DNA sequence motifs were used to probe an array of Ϸ300 known or potential transcription factors from Saccharomyces cerevisiae. We identified numerous protein-DNA interactions and characterized the DNA sequence recognized by a previously uncharacterized DNA-binding protein. This method should be applicable to any organism.
Results

Development of Protein Arrays for Assaying DNA-Binding Activity.
We first tested whether proteins arrayed on a surface could be used to detect specific protein-DNA interactions by arraying a few transcription factors (Rap1, Abf1, and Swi6), whose binding sites are well defined, along with two proteins that do not bind to DNA (Cmd1 and Cmk1). This miniarray was probed with a Cy3-labeled oligonucleotide containing three copies of the canonical binding site of Rap1, prepared as described in Fig. 1A . Multiple copies of the Rap1 recognition sequence were incorporated into the probe to increase the local concentration of binding sites. A Cy5-labeled probe with two base pair changes in the central invariant nucleotides of the binding sites was used in parallel to test the specificity of binding ( Fig. 1B; see 
Materials and Methods).
The proteins were arrayed on a variety of different surfaces and probed under different conditions (see Materials and Methods). Conditions were identified in which Rap1 bound to the wild-type probe but not to the mutant probe, regardless of the fluorophore used to label the probes (Fig. 1B) . These probes did not bind to any other DNA-binding proteins on the array or to the non-DNA-binding proteins, indicating that binding is specific. In all of our preliminary experiments, we tested a total of seven proteins with binding sites of known sequence: Rap1, Zap1, Ume6, Yap1, Abf1, Swi6, and Mbp1. The first five of these proteins bound to probes containing their known binding sites ( Fig. 1 and data not shown) .
or potential DNA-binding proteins, chosen based on their Gene Ontology (GO) designation as transcription factors, their homology to known DNA-binding domains, or their association with an in vitro DNA-binding activity (16) . Most of the proteins known to bind DNA nonspecifically, such as chromatin-binding proteins and subunits of the general transcription machinery, were excluded from the array. The proteins were expressed in yeast cells as fusions to GST, purified by glutathione affinity chromatography (17) , and spotted on microscope slides (Fig.  1C) . The concentration of protein applied to each spot varied from Ϸ0.2 to 4 ng͞l.
The transcription factor array was probed with 40 Cy3-labeled double-stranded DNA oligonucleotides containing, in total, 75 DNA sequence motifs previously identified by their evolutionary conservation (1) (see Table 1 , which is published as supporting information on the PNAS web site). Each oligonucleotide probe contained three or four copies of the sequence motif to be tested (Fig. 1 A) . We were able to represent the 75 sequence motifs in 40 oligonucleotides by careful design of the junctions between the repeated sequence motifs. To distinguish between specific DNA-protein interactions and nonspecific interactions, the array was probed with a second set of mutant Cy5-labeled probes that contained two base pair changes in the conserved sequence motifs (Fig. 1C and Table 1 ). Because sequence motifs are relatively short, judicious design of the mutant probes meant that two base pair changes in each copy of the sequence motif changed the sequence of most motifs represented in the oligonucleotide. These changes also create sequence motifs absent in the wild-type probes. For example, Fzf1, which recognizes TATCGTAT (18) , binds to the two mutant probes (P3B (Fig.  1C ) and P30B (see Table 2 , which is published as supporting information on the PNAS web site), because they contain the sequences TATCG and TATGGTGT. These sequences are not represented in the corresponding probes (P3A and P30A) that serve as the variants of the P3B and P30B probes.
Twenty-three proteins on the array appear to bind DNA nonspecifically, because they bound to most probes with approximately equal affinity (Fig. 1C , shown in yellow), and to a double-stranded oligonucleotide consisting of the universal sequences that flank the motifs in each probe. These proteins, which included several known nonspecific DNA-binding proteins, such as Nph6A͞B and Htz1, were excluded from further analysis. Some proteins bind more strongly to the wild-type DNA probe (Fig. 1C , shown in green); others bind more strongly to the mutant probe (Fig. 1C, shown in red) . Sixty-two proteins on the array bound to at least one probe (Table 2 ).
Many Specific DNA-Protein Interactions Can Be Detected. We identified a total of 211 specific DNA-protein interactions with the 80 probes (40 pairs of probes). Thirty-five probes did not interact specifically with any proteins on the array; 9 probes had only one specific DNA-protein interaction; 15 probes bound to between 5 and 22 different proteins. This latter result is not surprising, because concatenation of motifs creates multiple binding sites that can be recognized by different proteins.
Among the 211 specific DNA-protein interactions detected, 80 involved proteins with previously characterized binding sites (30 total proteins), including Met-31 and Met-32, which have been shown to bind as a heterodimer (19) . For 17 of these proteins, their characterized͞canonical binding sites are present in at least one bound probe, a minimal positive rate (17 of 30, or 57%), because we avoided including known binding sites in the probes as much as possible. Surprisingly, the putative recognition sequence was not apparent in the probes that bound to 13 previously characterized proteins. Perhaps the sequences recognized by these proteins are not well defined, or perhaps they recognize more than one sequence.
We further analyzed eight of these proteins whose DNAbinding sites are not known: Yjl103, Rgm1, Ypr196, and Rds2, each of which bound a single probe; Stp4, which bound two probes; Stp3 and Hms1, which bound four probes; and Yml081, which bound five probes. Stp3 and Yml081 bound to probes containing sequences similar to their respective binding sites, predicted by using the model described by Benos et al. (20) 
To verify the specific DNA interactions of the eight proteins, we purified the proteins, incubated them with their corresponding probes, and subjected them to EMSA. We were able to detect specific binding of the appropriate probes to seven of the eight proteins (Fig. 2) , confirming that their binding sites are contained within the probe sequence.
Yjl103 Binds to CGGN8CGG. One protein-DNA interaction was studied in detail. Yjl103 is a member of the zinc cluster family of transcription factors. Several members of this family, which includes Gal4, have been well characterized (21, 22) . All defined binding sites for this family of proteins consist of CGG repeats, with the recognition sequences for each protein differing in the orientation (direct, inverted, or convergent) and spacing of the CGG sequences. Yjl103 binds to a probe containing two overlapping copies of a direct repeat of CGG separated by eight nucleotides (CGGN 8 CGG). None of the other 39 probe pairs contains this sequence.
Yjl103 binds to its specific probe and not to the mutant probe in gel shift assays (Fig. 3) . Binding was competed with a sequence containing a single copy of CGGN 8 CGG; an oligonucleotide containing the sequence CTGN 8 CTG did not compete for binding.
The protein chip assay was used to further elucidate the binding site for Yjl103. A Yjl103-GST fusion protein was purified from yeast, immobilized on a surface and incubated with a panel of probes containing variants of the CGGN 8 CGG sequence (Fig. 4) . The first CGG appears to be required for binding, but the latter two residues in the second CGG appear to be less important, because substitutions in either of these positions reduce, but do not abolish, binding. Yjl103 binds in vitro to both CGGN 8 CGG and CGGN 9 CGG. This result is somewhat surprising because other members of this family of DNA-binding proteins appear to have a strict requirement for a specific spacing of the CGG repeats. The inclusion of metal chelators (EGTA and, especially, EDTA) during the probing severely impaired the binding of Yjl103 to DNA, suggesting that zinc is important for its DNA-binding activity (data not shown).
Yjl103 Binds Upstream of Genes with CGGN8/9CGG That Are Involved
in Energy Utilization. To identify targets of Yjl103 and thereby gain clues to its function, we compared the gene-expression profile of a wild-type strain to those of strains that overexpress or are deleted for YJL103C. More than 500 genes were differentially expressed between the wild-type and the YJL103C-overexpressing strains (approximately half of these were up-regulated by Yjl103 overexpression). These genes are enriched for proteins involved in carbon compound and carbohydrate metabolism (P ϭ 3.73 ϫ 10 Ϫ5 ) and also for proteins involved in stress response (P ϭ 4.79 ϫ 10 Ϫ5 ), two roles previously suggested for Yjl103 (23) . We found 131 genes that were expressed differently in the YJL103C deletion mutant compared with the wild-type strain (23 of them were among the 551 genes affected by YJL103C overexpression), approximately two-thirds of which are up-regulated in the deletion mutant. Thirty five of the Ͼ500 genes whose expression was altered by YJL103C overexpression and 7 of the 131 genes whose expression was altered by deletion of Yjl103C contain CGGN 8 CGG or CGGN 9 CGG in their promoters. This result is not significantly more than would be expected by chance, but this may be because we have not yet found the optimal conditions for inducing Yjl103 function.
To determine whether Yjl103 binds in vivo to any of these genes whose expression is altered in strains lacking or overexpressing Yjl103 and that contain a CGGN 8 CGG sequence motif upstream, several of them were tested for Yjl103 binding by using ChIP. As shown in Fig. 5, 19 of 22 genes were enriched in immunoprecipitates from a Yjl103::c-myc-tagged strain relative to controls. Thus, Yjl103 associates with CGGN 8 CGG targets in vivo as well as in vitro.
Discussion
Although a large number of potentially functional DNA sequence motifs have been identified from gene expression and sequence conservation studies, no facile method for identifying the proteins that bind to them has been available. Here, we describe implementation of protein arrays for this purpose. Using a microarray of yeast transcription factors, we were able to detect many known and previously unidentified DNA-protein interactions. Nucleotide substitutions in the known binding sites completely abolished binding of a protein, providing validation for the assay. In this way, we were able to define the proteins that bind to several sequence motifs and discover a previously unknown DNA-binding specificity.
Many of the proteins that bound to our probes bound to multiple probes, suggesting that they bind to DNA nonspecifically. For example, Phd1 bound 11 probes with no common sequence among them. Although many of these proteins probably bind DNA nonspecifically in vitro, such as Nhp6A and Nhp6B, others, like Phd1, seem to bind specific sequences in vivo (24) . It is therefore likely that these proteins use additional cofactors to achieve sequence-specific binding.
The transcription factor arrays were probed with oligonucleotides containing multiple copies of the sequence motifs. Thus, each probe may contain several overlapping binding sites capable of being recognized by several proteins. The pattern of binding by each transcription factor can often be deconvoluted by examining the different probes each one binds. For example, Hms1 bound three probes, each of which contained the sequence ACCACA. Probes that bound to Yml081 also contained sequences similar to its predicted binding motif (20) . In other cases, it is necessary to determine the exact sequence bound by the particular factor. One possible solution to this problem is to separate defined sequence motifs with random nucleotides, which would keep other binding sites at single copy and retain multiple copies of the intended binding site in the probe (Table 1) .
Many transcription factors bind to DNA as heterodimers. It is noteworthy that we detected binding of both Met-31 and Met-32 to a probe containing the binding site of this heterodimer. We expect that other heterodimeric DNA-binding proteins purified from yeast extracts will similarly be associated with their partner protein(s). It should also be possible to carry out the binding reactions in the presence of another protein, or perhaps in the presence of a nuclear extract, to recreate heterodimers not present on the array. Combinations of proteins could also be spotted on the array, providing a matrix of all possible heterodimers.
We characterized in detail the binding site of a previously uncharacterized protein, Yjl103, a member of the Zn cluster family of transcription factors, whose bindings sites are variations of CGG repeats. We defined the binding site of Yjl103 to be two direct repeats of CGG separated by eight or nine nucleotides (CGGN 8 CGG or CGGN 9 CGG). It is somewhat surprising that the spacing of the CGG repeats is variable, because the binding sites of nearly all members of this family of DNA-binding proteins have rigid spacing requirements. In fact, it is the spacing of the CGG repeats (and their orientation) that determines the specificity of DNA binding of each protein. Perhaps Yjl103 forms a complex with other proteins that modify its sequence spacing requirement. Gene-expression profiling identified several genes differentially regulated when Yjl103 is overexpressed or deleted. Yjl103 binds in vivo upstream of 19 of 22 of the genes we tested, and all of them contain the CGGN 8 CGG sequence motif. The known or predicted functions of the proteins encoded by these genes are enriched in carbon compound and carbohydrate metabolism, consistent with the proposed role of Yjl103 in energy utilization (23) .
In yeast, a very well characterized organism, the sequences recognized by only approximately half of its 200 or more transcription factors are known. Protein array technology offers the possibility for high-throughput analysis of all transcription factors with many probes under a variety of conditions and should bring the catalog of transcription factor binding sites within our reach. Application of this technology to mammals, with Ϸ1,000-1,500 transcription factors, would require only a modest increase in the scale of the analysis. Thus, it should be possible to determine cis-regulatory sequences and the proteins that bind to them across the genome, which is the first step in decoding the regulatory networks of an organism.
Materials and Methods
Strains. Transcription factors fused to GST were expressed in a pep4 (protease-deficient) strain (Y258) (17) . The yjl103c mutant was from the yeast gene-deletion collection (25) . All other strains were derivatives of S228c (MATa͞MAT␣ his3⌬1͞his3⌬1 Fig. 5 . ChIP assay for Yjl103 binding. Chromatin was crosslinked to proteins, Yjl103 tagged with a 13-myc epitope was precipitated with anti-myc antibody, and the precipitated DNA was released from protein and detected by PCR (as described in Materials and Methods) using primers specific for sequences upstream of the indicated 19 genes (query promoter) and primers specific for the GAL4 promoter (control promoter) that amplify a 150-bp fragment. leu2⌬0͞leu2⌬0 ura3⌬0͞ura3⌬0͞met15⌬0͞MET LYS͞lys2⌬0) or the filamentous strain L5321 (MATa leu2::hisG ura3-52) . Yjl103 was expressed from its own promoter and tagged at its C terminus with 13 copies of the myc epitope by integrating into the chromosome 13Myc-KanMX, as described in ref. 26 .
Probe Preparation. Probes were made by a fill-in reaction with TaqDNA polymerase using a universal oligonucleotide labeled with Cy3 or Cy5 (for protein chips) or biotin (for EMSA). Probes were purified, concentrated, and quantified by acrylamide gel electrophoresis and a NanoDrop apparatus (NanoDrop Technologies, Wilmington, DE).
Transcription factors tagged on their N termini with GST-His 6 (17) were overexpressed in yeast cells and purified from 100-ml cultures grown to midlog phase in 1% yeast extract and 2% peptone and induced for 5 h with 2% galactose. Proteins were purified from cell extracts in 96-well deep-well plates by using glutathione beads (GE Healthcare) as described in ref. 17 .
Protein Microarrays. The GST-tagged transcription factors were arrayed into 384 microwell plates and printed on FAST slides (8 pads, 16 pads, or single pad slides; Schleicher & Schuell) in duplicate, triplicate, or quadruplicate. In pilot experiments, nickel-coated (XENOSLIDE N; Xenopore, Hawthorne, NJ) and aldehyde-coated (SMAI; Telechem International, Sunnyvale, CA) slides were also tested. We chose the FAST slides because of their higher capacity for protein.
The protein microarrays were probed (in duplicate) with labeled oligonucleotides by using the following protocol. Printed slides were blocked for 1 h with 3% BSA in hybridization buffer [25 mM Hepes (pH 8.0)͞50 mM KCl͞0.5% Triton X-100͞2 mM MgCl 2 ͞1 mM PMSF͞3 mM DTT and protease inhibitors (Complete; Roche)] and then probed for 90 min with 40 nM fluorescently labeled double-stranded DNA oligonucleotides (see Table  1 for list of oligonucleotides) in hybridization buffer at 4°C, washed three times in cold hybridization buffer, and air dried. The slides were scanned with a GenePix 4000 scanner (Axon Instruments, Union City, CA). Proteins whose signal was reproducibly above background levels (n Ն 2 slides) and specific for the wild-type probes were classified as putative targets and tested further as described below. The conditions for binding were chosen based on extensive experimentation with a wide variety of conditions for binding of probes to Rap1 and Zap1, including different buffers (Tris⅐HCl and Tris⅐borate and Hepes), at a variety of concentrations (25-150 mM) , at pHs between 7.0 and 8.0, with different salts (KCl and NaCl), at several different concentrations (25-150 mM) , and at different temperatures. Nonspecific carrier DNA (salmon-sperm DNA and poly dI-dC) was omitted from the final protocol because it increased the background signal of labeled probe to the nitrocellulose surface. Glycerol in the binding buffer Ͼ20% smeared the slides; 10% glycerol seemed optimal. Neither Triton X-100 nor Tween 20 detergents (0.1-10%) had an observable effect on binding of probes to the array. Binding of probes to the array increased with probe concentration to Ϸ50 nM, after which increased background binding to the nitrocellulose surface of the slides was observed.
EMSAs. Binding reactions were carried out according to the manufacturer's recommendations (Pierce Light Shift Chemiluminescence kit) in 20 l of 50 nM KCl, 25 mM Hepes (pH 8), 10% glycerol, and 0.1% Triton X-100. Probe concentrations varied from 60 to 600 pM. Protein concentrations varied from 0.7 to 8.5 M. The reactions were incubated for 20 min at room temperature, followed by 10 min on ice before 5 l of 5% Ficoll loading dye was added, and loaded onto 8-cm ϫ 7-cm 8% acrylamide gels prerun at 100 V for 1 h. The gels were run at 4°C and 100 V until the bromophenol blue dye had migrated two-thirds of the way down the gel. Nucleic acids were transferred to nylon membranes and visualized according to the manufacturer's recommendations. DNA Microarrays. DNA microarrays were printed with 6,388 oligonucleotides manufactured by QIAGEN Operon that represent virtually all S. cerevisiae ORFs. The oligonucleotides were resuspended to a concentration of 40 M in 3ϫ SSC with 0.75 M betaine and were printed in duplicate on Epoxy slides (MWG Biotech).
RNA Preparation. Cells were grown to log phase in yeast peptone 2% raffinose medium and induced with galactose for 5 h. RNA extraction, labeling, and hybridization were done as described in ref. 27 .
Data Analysis. The scanned array images were analyzed by using the default settings in GENEPIX PRO 4.0. For each spot on the array, the median of the pixel-by-pixel ratios of the two channel intensities (with median background intensity subtracted) was calculated, and the two-step mixed-model ANOVA was applied to the log-transformed values (28) and used to normalize the expression differences between spots that were due to factors in which we were not interested:
where Y ijkm is the median of ratios for each spot, G i is the average genotype effect (overexpressed or ␦-strain), T j is the average treatment effect (wild-type or modified strain), GT ij is the average genotype times treatment-interaction effect (wild-type overexpressed strain, wild-type ␦-strain, modified overexpressed strain, modified ␦-strain), A k(ij) is the average array effect, which is nested within the genotype by treatmentinteraction effect, and (ijk)m is the residual.
A second ANOVA model was applied to each gene separately by using the residual (ijk)m from each spot as a response variable:
where gijkm is the residual from the first ANOVA model for each spot, ␥ g is the average gene expression for each gene g, G gi is the gene expression due to genotype i, T gj is the gene expression due to treatment j, GT gij is the gene expression due to genotype i interacting with treatment j, A gk(ij) is the gene expression due to array effect, and (gijk)m is the residual.
Genes that showed differential expression between wild-type (GT 10 ) and overexpressed (GT 11 ) strains were selected based on the criteria: ␥GT 10 Ϫ ␥GT 11 0 at ␣ ϭ 0.05. Genes that showed differential expression between wild-type (GT 00 ) and ␦-(GT 01 ) strains were selected based on similar criteria: ␥GT 00 Ϫ ␥GT 01 0 at ␣ ϭ 0.05. To select genes that show differential expression between the overexpressed and ␦-strains, several filters were applied. First, genes that satisfied ␥GT 01 Ϫ ␥GT 11 0 at ␣ ϭ 0.05 were kept. Next, genes that satisfied ␥GT 00 Ϫ ␥GT 10 0 at ␣ ϭ 0.05 were filtered out. Last, we filtered out genes that did not show any significance for the genotype by treatment-interaction effect.
ChIP. The strain expressing Yjl103 tagged at its C terminus with 13 copies of the myc epitope from its native gene on chromosome 10 and the corresponding wild-type strain were inoculated at an OD 600 of 0.2 and grown in yeast peptone dextrose medium overnight and reinoculated into fresh medium at an OD 600 of 0.2. The strains were grown for 4 h at 30°C with shaking before heated medium was added to bring the temperature of the cultures to 37°C. After 20 min of shaking at 37°C, cells were fixed by addition of formaldehyde to a final concentration of 1%. Proteins were precipitated by using 9E10 anti-c-myc antibody (Santa Cruz Biotechnology), and the associated DNA was liberated, purified, amplified, and labeled with Cy3 and Cy5 fluorophores and used to probe a DNA microarray of intergenic regions of the yeast genome, as described in ref. 29 . Twenty-two gene promoters that showed an increased hybridization signal relative to the signal obtained with probe prepared from the immunoprecipitate of a strain without a myc-tagged protein and whose genes were differentially expressed in strains missing or overexpressing Yjl103 (determined by a gene-expression profiling experiment as described above) were chosen for further analysis by conventional ChIP, preformed as described above, except that 40 ng of the liberated DNA was amplified (30 cycles at 95°C for 1.5 min, 57°C for 2 min, and 72°C for 3 min, with a final extension at 72°C for 10 min) in a 50-l reaction with Mango Taq (Bioline, Randolph, MA). Two sets of primers were used in each reaction. Primers to query promoters were designed to generate a product of Ϸ500 base pairs and were added to a final concentration of 2 nM; primers to the GAL4 promoter generated a product of 150 base pairs and were added to a final concentration of 0.4 nM.
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